on behalf of the Million Women Study collaborators Abstract Background: In prospective epidemiological studies, anthropometry is often self-reported and may be subject to reporting errors. Self-reported anthropometric data are reasonably accurate when compared with measurements made at the same time, but reporting errors and changes over time in anthropometric characteristics could potentially generate time-dependent biases in disease-exposure associations. Methods: In a sample of about 4000 middle-aged UK women from a large prospective cohort study, we compared repeated self-reports of weight, height, derived body mass index, and waist and hip circumferences, obtained between 1999 and 2008, with clinical measurements taken in 2008. For self-reported and measured values of each variable, mean differences, correlation coefficients, and regression dilution ratios (which measure relative bias in estimates of linear association) were compared over time. Results: For most variables, the differences between self-reported and measured values were small. On average, reported values tended to be lower than measured values (i.e. under-reported) for all variables except height; under-reporting was greatest for waist circumference. As expected, the greater the elapsed time between selfreport and measurement, the larger the mean differences between them (each P < 0.001 for trend), and the weaker their correlations (each P < 0.004 for trend). Regression dilution ratios were in general close to 1.0 and did not vary greatly over time. Conclusion: Reporting errors in anthropometric variables may result in small biases to estimates of associations with disease outcomes. Weaker correlations between self-reported and measured values would result in some loss of study power over time. Overall, however, our results provide new evidence that self-reported anthropometric variables remain suitable for use in analyses of associations with disease outcomes in cohort studies over at least a decade of follow-up.
Background
In prospective epidemiological studies, exposure information is often self-reported and may be subject to reporting errors, and thus may potentially bias estimates of association with disease outcomes. Furthermore, exposures may change over time, which could further compound the role of measurement error after longterm follow-up. Previous studies have found that selfreported anthropometric variables are reasonably accurate when compared with measurements made at the same time, and are generally adequate for use in largescale epidemiological studies [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . However, such comparisons do not allow for changes over time, which could potentially generate time-dependent biases in estimates of disease-exposure associations. Validity over time of repeated anthropometric variables has been examined for predominantly measured values [11, 12] , but not separately and specifically for self-reported values.
The aim of this study was to assess the accuracy over time of self-reported anthropometric characteristics (weight, height, derived body mass index (BMI), waist and hip circumference) during follow-up of the Million Women Study, a large UK cohort of women in middle age. We compared self-reported data at four different times over 9 years with measured values from a single examination conducted an average of 9 years after recruitment.
Methods

Setting: Million Women Study
Between 1996 and 2001, 1.3 million women aged 50-64 years (56 years, on average) were recruited to the Million Women Study through UK National Health Service (NHS) Breast Screening Centres in England and Scotland [13] . At recruitment (mean year, 1998), women completed a self-administered health and lifestyle questionnaire which included questions on their weight and height. All women were sent resurvey questionnaires at approximately 3-5 yearly intervals; these included questions about their current weight as well as their waist and hip circumferences. Study questionnaires and further details of the data and access policies can be viewed on the website (www.millionwomenstudy.org).
At recruitment, all study participants gave written consent to participate in medical research and to be contacted in the future. Ethical approval for the study was obtained from the Oxford and Anglia Multi-Centre Research Ethics Committee. All study participants have a unique NHS number. Using this and other identifying details, they are followed up for deaths, emigration, cancer registrations, and changes in name, address and registered general practitioner, through electronic linkage with the NHS Central Registers.
Study sample and data collection
The present analysis included a sample of women from the Million Women Study with self-reported anthropometric data over 9 years and a single clinical measurement at the end of this period (Table 1) . From the main study, selfreports were available from the first (recruitment) questionnaire (mean year, 1999), the second questionnaire (mean year, 2002) and the third questionnaire (mean year, 2006). (All questionnaires and the clinical measurement will henceforth be referred to by the mean year in which they were completed by participants in this validation study.) In 2008, as part of the collection of blood samples in randomly selected participants in the Million Women Study, an additional questionnaire was sent to 14,762 women who had responded to the 2006 study questionnaire, and had not reported breast cancer or vascular disease. All were asked about their current weight and height, and women resident in England only were also asked about their current waist and hip circumferences. Amongst all selected women, 5975 indicated that they were willing to attend a general practice appointment for clinical investigations. In total 3999 (67 % of 5975) women had their anthropometric characteristics measured at their general practice, returned a completed form with the measurements recorded, and had usable reported values. These women form the study population for the present analyses. Additional details of inclusion criteria and data collection methods are given in the Methods supplement in the Additional file 1.
Self-reported values for anthropometric variables from the recruitment questionnaire in 1999 and two subsequent study questionnaires in 2002 and 2006 were obtained from the Million Women Study database. All included women had, by definition, responded to the recruitment questionnaire in 1999, the third study questionnaire in 2006 and the additional questionnaire in 2008, and the great majority (92 %, 3691) had also responded to the second study questionnaire in 2002. For weight and height, data were virtually complete for both reported (97 and 99 %, respectively) and measured (≥99 % for each) values of these characteristics (Web Table 1 ). A somewhat smaller proportion of women reported their waist or hip circumferences (75 %, for each), while measured values were, again, virtually complete (≥99 %). Body mass index (BMI) was derived for each questionnaire and the clinical measurement as the weight (kg) divided by the square of the height (m). Since women were not asked to report their height on the 2002 and 2006 questionnaires, BMIs for those questionnaires were calculated using height values reported on the 1999 questionnaire. As for height and weight, the BMI values were virtually complete from both questionnaires and the measurements (97 % and > 99 %, respectively). Pearson correlation coefficients also estimate the loss of power due to reporting errors: the square of the correlation coefficient is an estimate of the effective sample size relative to the apparent sample size for power calculations [14, 15] . Regression dilution ratios were calculated by linear regression of the measured values against reported values from each questionnaire [16] . Regression dilution ratios estimate the relative attenuation of regression coefficients (e.g., relative biases in log relative risks) due to systematic and random reporting errors or changes in characteristics over time.
Data analysis
Thus a regression dilution ratio provides an overall summary of the expected bias in epidemiological studies as a consequence of reporting errors as well as any changes over time in the characteristic of interest (including changes due to population-level trends and the natural history of advancing age). P-values for trends over time in either mean differences or regression dilution ratios were calculated by generalised least squares. Covariance matrices were estimated for the values for each questionnaire from 10,000 replicates of the bootstrap sampling procedure. Continuous anthropometric variables are commonly categorised in epidemiological analyses, so we also investigated how measured values varied over time within categories of self-reported values. For each self-reported anthropometric variable on each questionnaire, five categories were created using pre-specified cut points [10] . We calculated means of the measured values of each anthropometric variable (taken at the single examination in 2008, on average) within each of the five categories of the corresponding self-reported variables (taken from the 1999, 2002, 2006 and 2008 questionnaires). These mean measured values were plotted for each variable, to assess the stability of reported values over the 9-year follow-up period. Analyses were adjusted for attained age at the examination and for recruitment region. All analyses were performed using Stata version 12.0.
Results
There were 3999 women from the Million Women Study cohort included in this study. Table 2 summarises the anthropometric data from four study questionnaires administered over an average of 9 years (1999 to 2008), and anthropometry measured at an examination in 2008, 9 years on average after recruitment. At the time of the examination, the mean age of the women was 66 years (SD 4.7). Overall, there were slight increases over time in mean reported values for all anthropometric variables, with the exception of height, which showed a slight decline. Generally, means and standard deviations of selfreported anthropometric variables on each questionnaire (Table 2) were very similar to corresponding values reported by the entire Million Women Study cohort (Web Table 2 ), suggesting that women in this validation study are representative of the cohort as a whole.
Overall, self-reported anthropometry from all four questionnaires compared well with measured values from the examination (Table 3) . For all variables except height, the mean of the first report (in either 1999 or 2002) was lower than the mean of the measured value in 2008 (P < 0.001). This difference was greatest for waist circumference between first report in 2002 and measurement in 2008 (mean difference 10.3 cm, 95 % CI: 9.9, 10.7). For height the mean of the first reported value (in 1999) was greater than the measured value (by 1.2 cm on average, 95 % CI: 1.1 to 3.1). From the earliest to the latest self-reports, the mean difference between the reported values and measurement tended to attenuate towards 0 for all variables; i.e., differences were smaller, the shorter the elapsed time between self-report and the measurement (P < 0.001 for trend for all variables). Self-reported anthropometric variables had moderately strong to very strong correlations with the measurements (Table 3 ). For weight, height and BMI, Pearson correlations between self-reports and measured values ranged between 0.85 and 0.95 during the 9-year study period. For waist and hip circumferences, Pearson correlations were somewhat weaker, ranging between 0.66 and 0.82. Comparing correlation coefficients with measured values from first report to the 2008 questionnaire, there were higher correlations at shorter elapsed times between the questionnaire and the examination (weight, derived body mass index, waist and hip circumferences: P < 0.001 for trend; height: P = 0.003 for trend).
Calculated regression dilution ratios indicated that reporting errors are likely to generate little bias in estimates of associations with disease outcomes (Table 3) . The regression dilution ratios were 1.02 for weight, 0.85 for height, 0.98 for BMI, 0.84 for waist circumference and 0.95 for hip circumference at the time the variables were first reported. Regression dilution ratios remained relatively constant over time between self-report and the measurement, suggesting that changes over time in these anthropometric characteristics are likely to generate little time-dependent regression dilution bias (Table 3) .
We also examined how differences between reported and measured values might affect estimates of associations of disease outcomes with categorical anthropometric variables during the 9-year period of this study (Figs. 1  and 2 ). Each graph presents the mean measured value from the examination in 2008, within each of five Table 3 . For the four variables shown (weight, BMI, waist and hip circumference), lines are approximately parallel, demonstrating that there was little or no change over time in differences between mean measured values on each of the five categories. This reflects the lack of trend of regression dilution ratios over time, shown in Table 3 . Height was only reported on two questionnaires, and is not shown in the figures; however, mean measured values within the five categories for height also show little change over time (Web Table 3 ).
For weight, BMI and hip circumference, the graphs also illustrate that categories of self-reports from each of the questionnaires are representative of similar mean values at the measurement, without strong trends by elapsed time between self-report and measurement (lines are close to horizontal for each category). The graph for waist circumference shows that categories of waist circumference based on first report (in 2002) are representative of a higher mean measured waist circumference at the measurement than are categories based on later reports, which is consistent with the more substantial changes in mean differences observed over time for waist circumference than for the other variables (shown in Table 3 ). Even so, the differences between the categories do not vary greatly with elapsed time between the questionnaire and the measurement; again, this is 
Discussion
Key findings
In this large study of the validity of self-reported anthropometry over time, we found good evidence to support the use of such variables in large-scale prospective epidemiological studies with long-term follow-up. Weight, height, derived BMI, and waist and hip circumferences were well-reported on self-administered questionnaires at recruitment and during study follow-up. For all variables, reported values were lower on average than measured values (i.e. under-reported), except for height, for which reported values were higher on average (overreported). Differences between self-reported and measured values were largest for the earliest reports of each variable, and became smaller the shorter the elapsed time between self-report and measurement. This is likely to be at least partly a consequence of real changes over time in these variables, since as women age their body fatness tends to increase [17] [18] [19] [20] , while their height tends to decrease [19, 20] .
Differences between reported and measured anthropometric variables (due either to reporting errors or changes over time in actual characteristics) can bias estimates of linear associations with disease outcomes by regression dilution [16] . The magnitude of this regression dilution bias was not large for any variable, but was greatest for waist circumference: an approximately 20 % attenuation of regression coefficients would be expected in analyses of waist circumference (for example, a 20 % reduction in log relative risks would mean that a relative risk of 1.50 would be expected to be attenuated to 1.38). For all variables, regression dilution bias was stable over the 6-9 year period of this study. Overall, each of the self-reported anthropometric variables that we examined was informative about actual body size, and would therefore be suitable for use in epidemiological analyses. If appropriate, corrections for regression dilution can be applied to improve estimates of disease-exposure associations [15, 16] . When associations are non-linear, reporting errors may still affect estimates even when there is little regression dilution bias. For example, in assessing the lowest risk level of exposure in a U-or J-shaped relationship, if the exposure tends to be under-reported, as for weight, derived BMI, and waist and hip circumferences, then the lowest risk level will also tend to be underestimated. If the exposure tends to be over-reported, as for height, then the lowest risk level will tend to be overestimated. The mean differences between reported and measured values (Table 3) and the trends over time in mean measured values within categories of self-reports (Figs. 1 and 2) summarise these effects. With the exception of waist circumference, for which the mean difference was large and changed substantially over 6 years, the mean differences for the variables considered here were not large (relative to the standard deviation) and changes over time were also small in magnitude. For most anthropometric variables, the effects of under-or over-reporting on nonlinear associations would therefore be modest.
Loss of power is another important consequence of differences between reported and measured anthropometric variables. Loss of power can be expressed as an effective sample size for studies based on self-reported anthropometric exposures, relative to those based on measured anthropometry, which can be estimated as the square of the correlation coefficient between selfreported and measured values [14, 15] . In this study, analyses of weight, height or BMI based on reported values would lose power equivalent to a reduction in sample size of 5 to 30 %, depending on the period of follow-up. For example, a cohort study with 1000 actual cases of the outcome of interest would have an effective sample size of between 700 and 950 cases, if reported weight or height or derived BMI are the exposures. Selfreported waist and hip circumference are less closely correlated with measured values. The effective reduction in sample size would be about 40 % for hip circumference and 50 % for waist circumference, so in the cohort study example above, the effective sample size would be only 500-600 cases. To avoid overestimating study power in analyses based on self-reported variables, power calculations should be based on distributions of self-reported data, with hypothesised effect sizes attenuated to account for realistic regression dilution bias.
Previous studies
Other studies of self-reported anthropometric variables have generally found good agreement between values reported on a single occasion and contemporaneous measured data. Most other studies found a slight overreporting of height and slight to moderate underreporting of weight, BMI, waist and hip circumference, and strong to very strong correlations between selfreported and measured values, consistent with our findings [1] [2] [3] [4] [5] [6] [7] [8] [9] . We have also previously reported the validity of these anthropometric variables at a single time point for 541 Million Women Study participants who were matched to a UK birth cohort study [10] . The mean differences, correlation coefficients and regression dilution ratios that we report here are all consistent with those found in our earlier study.
We were unable to identify any other study that has assessed the validity over time of repeated self-reported values. The Emerging Risk Factors Collaboration did report regression dilution ratios for repeated assessments of height, BMI, waist and hip circumference, but most of the contributing cohorts obtained anthropometric information by measurement, and those cohorts with self-reported values were not examined separately [11, 12] . The regression dilution ratios that they found for these predominantly measured variables were generally close to 1 (0.86 to 0.96) and stable over an average of six years of follow-up.
Strengths and limitations
Our study included matched self-reported and measured anthropometry on a large sample of women from a national UK cohort. Self-reports were available for this sample from four questionnaires over a 9 year follow-up period. Average completeness of these data across the questionnaires was high: reported weight and height were 97 and 99 % complete, respectively, and reported waist and hip circumference were each 75 % complete among women who were asked to report these variables. Measured values were available for >99 % of these women for all variables.
Women were selected at random, and those who agreed to participate were similar to the full study cohort. Women were chosen from areas in England and Scotland to ensure broad geographical coverage. As is common in the large-scale epidemiological studies to which our findings are relevant, regression analyses were adjusted for age and region of recruitment. A potential limitation of this study was that anthropometric measurements were taken at only one point in time, so we could not directly assess changes in measured body size over time. However, our findings were consistent with other data which suggest that as middle-aged women get older, weight, BMI and waist circumference tend to increase [17] [18] [19] [20] , and height tends to decrease [19, 20] . Our findings may not be applicable to men or to women in other age groups.
Conclusion
Self-reported anthropometric variables differ from corresponding measurements due to random and systematic reporting errors, and to changes over time in the actual characteristics of participants. These differences may bias estimates of disease-exposure associations, although these biases appear to be small and stable over time for most variables. Reporting errors may also reduce effective study power. Overall, however, we found that selfreported weight, height, derived BMI, and waist and hip circumferences are suitable for use in epidemiological analyses with long-term follow-up.
